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1  | INTRODUC TION
Understanding	the	distribution	of	life	on	this	planet	is	an	important	





















ent	 in	 an	 ecosystem.	 For	 example,	 environmental	DNA	 (eDNA)	 in	
water	has	proven	useful	to	monitor	fish	and	invertebrates	in	aquatic	




eDNA	 has	 been	 less	 frequently	 used	 to	 characterize	 terrestrial	
ecosystems.





are	 favorable	 (Andersen	 et	 al.,	 2012);	 although	 this	 facilitates	 re‐
construction	of	past	biodiversity	and	allows	researchers	to	escape	




terial	 that	hinder	 its	 spatial	diffusion;	 large	volumes	of	 soil	 should	
be	 analyzed	 to	 compensate	 for	 such	 heterogeneity,	 which	 entails	











source	 of	 vertebrate	 DNA	 for	 metabarcoding‐based	 assessments	
of	terrestrial	biodiversity.	This	is	particularly	true	for	invertebrates	
that	are	easily	trapped	in	large	numbers	in	field	settings	by	nonex‐






entomology	 have	 also	 repeatedly	 demonstrated	 that	 other	 easily	
trapped	 invertebrates	 contain	 amplifiable	 vertebrate	 DNA	 (Kent,	








pares	with	 other	 approaches	 such	 as	 camera	 traps	 (Schnell	 et	 al.,	
2015).	The	study	that	first	proposed	to	use	fly	iDNA	for	biodiversity	
assessments	showed	that	this	method	detected	many	of	the	known	







a	 fly	 iDNA	 metabarcoding	 study	 conducted	 at	 Barro	 Colorado	
Island,	 Panama,	 identified	 roughly	 the	 same	number	 of	 species	 as	
camera	traps	and	transects,	but	also	only	found	a	moderate	species	
overlap	between	these	methods	(Rodgers	et	al.,	2017).	This	prelim‐
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complement	 one	 another,	 we	 also	 examined	 whether	 flies	 and	
camera	 traps	 differed	 in	 their	 ability	 to	 detect	 small‐	 and	 large‐
bodied	mammal	 species,	whether	 the	 species	detected	by	 these	
methods	were	phylogenetically	distinct,	and	whether	the	mamma‐
lian	communities	they	describe	differed	by	habitat	type.
2  | MATERIAL S AND METHODS
2.1 | Study sites






three	 different	 habitat	 types:	 two	 in	 forest–savannah	 ecosystems	
(Gashaka	Gumti	National	Park,	Nigeria;	Sobeya,	Guinea),	one	in	a	sa‐
vannah	ecosystem	(Kayan,	Senegal),	three	in	East	African	rainforests	
(Budongo	 Forest,	 Uganda;	 Bwindi	 Impenetrable	 National	 Forest,	
Uganda;	Ngogo	East	 in	Kibale	National	Park,	Uganda),	and	two	 lo‐
cated	 in	West	African	 rainforests	 (Grebo	National	 Forest,	 Liberia;	
East	 Nimba	 Nature	 Reserve,	 Liberia;	 Figure	 1a,	 Table	 1).	 At	 each	
research	site,	we	defined	a	data	collection	zone	(range	=	12–96	km2),	
based	 on	 direct	 and	 indirect	 observations	 of	 chimpanzee	 activity	
in	 the	area.	This	collection	zone	was	 then	divided	 into	a	grid	with	




Camera	 traps	 were	 installed	 in	 each	 data	 collection	 zone	 with	
the	 aim	 of	 covering	 the	 entire	 grid	 evenly.	 Installation	 locations	
within	the	grids	were	not	chosen	randomly,	but	rather	with	regard	
to	wildlife	activity	(e.g.,	travel	paths,	natural	bridges,	and	feeding	
sites)	 with	 an	 effort	 to	 maximize	 the	 number	 of	 animal	 species	











Fly	 trapping	 was	 performed	 as	 described	 by	 Calvignac‐Spencer	
et	al.	 (2013).	 In	short,	 fly	 traps	consisted	of	a	pyramidal	net	and	a	
plastic	bowl	containing	commercially	available	bait	based	on	animal	
proteins	 (Unkonventionelle	 Produkte	 Feldner,	Waldsee,	 Germany;	
Figure	1b).	Plastic	bowls	were	covered	with	a	net	to	prevent	contact	
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between	flies	and	the	bait.	Traps	were	left	open	for	20	min	with	a	
maximum	 of	 20	 flies	 collected	 per	 trap.	 Flies	were	 killed	 by	 plac‐
ing	flies	into	a	container	with	a	cotton	swab	soaked	in	95%	ethanol	
or	ether.	Where	possible,	flies	were	collected	twice	at	25	locations	
at	 each	 site,	 once	 in	 the	 dry	 season	 and	 again	 in	 the	wet	 season.	








Lutz,	&	Vrijenhoek,	 1994;	 Yu	 et	 al.,	 2012)	 of	 our	 fly	 pools;	 of	 the	















2.4 | Molecular and bioinformatic methods
Extraction	of	DNA	was	performed	on	each	individual	fly	using	the	













using	 the	 MiSeq	 Reagent	 Kit	 v2	 (2×	 150	 bp)	 or	 v3	 (2×	 300	 bp;	
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were	added	to	these	amplicons	with	a	PCR	performed	with	fusion	








described	 in	detail	by	Hoffmann	et	al.	 (2016).	 In	short,	paired‐end	
raw	 reads	were	 joined	 (illuminapairedend)	 in	 the	 software	package	
OBITools	 (v1.1.18),	 setting	 the	 minimum	 alignment	 score	 to	 40,	
and	 primer	 and	 adapter	 sequences	 were	 subsequently	 removed	
(Cutadapt	v1.2.1)	and	reads	were	quality‐trimmed,	setting	the	qual‐
ity	 score	 to	30	over	 a	 sliding	window	of	 four	bases	 (Trimmomatic	
v0.35;	 Bolger,	 Lohse,	 &	 Usadel,	 2014;	 Boyer	 et	 al.,	 2016;	Martin,	
2011).	The	dataset	was	de‐replicated	using	the	OBITools	software	
package,	and	only	sequences	represented	by	at	least	10	or	25	reads	
(c10	 and	 c25	 thresholds)	were	used	 for	 further	 taxonomic	 assign‐
ment	(obiuniq,	obigrep).	Reference	databases	were	built	by	perform‐
ing	an	in	silico	PCR	on	all	vertebrate	sequences	available	in	GenBank	
using	 the	 program	 ecoPCR	 v0.2,	 allowing	 three	 mismatches	 be‐
tween	 primers	 and	 reference	 sequences.	 Taxonomic	 assignment	
was	 implemented	with	 the	OBITools	ecotag	 command,	which	uses	
the	Needleman–Wunsch	algorithm	to	map	query	sequences	against	






























2.6 | Body size and biomass estimates
To	examine	whether	species	detected	with	flies	or	camera	traps	dif‐
fered	in	either	their	body	size	or	biomass,	we	used	estimates	of	adult	
body	mass	 and	 population	 density	 from	 the	 PanTHERIA	 database	
(Jones	et	al.,	2009).	To	estimate	biomass	for	a	species,	we	multiplied	







To	 examine	whether	 camera	 traps	 and	 flies	 tended	 to	 detect	 the	
same	 species,	we	 tested	 for	 a	 relationship	between	 the	 fly	detec‐
tion	rate	(proportion	of	fly	traps	detecting	a	species)	and	the	camera	





















with	camera	 traps	and	 flies	using	generalized	 linear	mixed	models	
(Baayen,	 2008),	 including	 site	 as	 a	 random	 effect.	 We	 log‐trans‐






mogeneous	 residuals	were	 fulfilled	 by	 visually	 inspecting	 a	 qqplot	














a	 Bayesian	 inference	 method	 for	 examining	 the	 evolution	 of	 a	
phenotype	 (in	 this	 case,	 the	 detectability	 of	 a	 species	 only	with	
camera	traps,	only	with	fly‐derived	iDNA,	or	with	both	methods)	
on	 a	 phylogenetic	 tree.	 For	 this,	 we	 used	 the	 TreeBreaker	 pro‐
gram	(Ansari	&	Didelot,	2016),	which	is	able	to	break	down	a	tree	




gambianus,	 whose	 phylogenetic	 placement	 and	 branch	 length	
were	drawn	from	Nyakatura	and	Bininda‐Emonds	(2012),	(b)	Aonyx 











To	 compare	 the	 species	 communities	 detected	 with	 the	 fly‐
derived	 iDNA	 and	 camera	 traps	 in	 different	 habitats,	 we	 used	




(Anderson,	 2001),	 to	 test	 for	 differences	 in	mammal	 community	
composition	 based	 on	 site,	 and	 detection	method.	 Small	 sample	
sizes	precluded	a	formal	test	of	significance	of	differences	in	beta	
diversity	 between	 communities	 by	 habitat	 type	 using	 adonis.	 In	
addition,	we	compared	the	similarity	of	the	species	communities	











identified	species	was	not	 thought	 to	be	a	native	mammal	 (mostly	
domestic	 animals)	 according	 to	 the	 IUCN	 Red	 List	 of	 Threatened	
Species	 (Table	 1).	 After	 filtering,	 we	 detected	 between	 8	 and	 27	
mammalian	species	at	each	site	(xnumber of species=20.1;	Tables	S1,	S2).
From	112	 fly	 pools	 analyzed,	 101	 (90%)	 contained	 amplifiable	










in	a	total	of	4,622,118	raw	reads	(xnumber of raw reads per amplicon=23,582
).	 For	 the	 c10	 threshold,	 the	pipeline	 generated	3,160,393	usable	
reads,	 and	 for	 the	 c25	 threshold,	 2,930,018	 reads.	 For	 the	 c10	
threshold,	 75.4%	 of	 these	 reads	 were	 assigned	 at	 species	 level,	
93.3%	at	the	genus	level,	94.2%	at	the	family	level,	and	5.7%	of	the	
reads	were	not	assignable.	For	the	c25	threshold,	76.2%	of	the	reads	





7.5%	of	 the	 reads	assignable	 to	 the	 species	 level,	 for	 the	c10	and	
c25	 thresholds,	 respectively,	were	 excluded	 from	 the	 dataset	 be‐
cause	they	were	assigned	to	species	not	listed	as	native	mammalian	
species	on	the	IUCN	Red	List	of	Threatened	Species	for	that	coun‐



































iDNA,	 or	 detection	 with	 both	 methods)	 across	 the	 phylogeny	 of	
mammals	detected	in	this	study.	The	Bayes	factor	of	the	TreeBreaker	








scending	 lineages	 of	 two	 branches	 on	 the	 phylogeny	 of	mammals	
detected	in	this	study	(Figure	2b;	Figures	S5	and	S6).	Bats	were	only	




that	 fly	 (c10)‐	 and	camera	 trap‐derived	community	 compositions	
resulted	 in	 identical	 overall	 clustering	 of	 sites,	 regardless	 of	 the	





lipses	 in	 the	 nMDS	plot	 (Figure	 4b).	 The	UPGMA	analysis	 based	
on	Bray–Curtis	distances	only	showed	moderate	support	for	clus‐











revealed	 that	 fly	 (c10)‐	 and	 camera	 trap‐derived	 community	 com‐
positions	differed	in	the	overall	clustering	of	sites,	with	community	
similarity	 rather	 appearing	 to	 be	 structured	 by	 detection	method	














UniFrac	 distance	 analyses	 was	 observed	 using	 the	 c25	 threshold	
dataset	(Figure	4SD–F).
4  | DISCUSSION
Across	 eight	 locations	 in	 sub‐Saharan	 Africa,	we	 detected	 a	 large	
number	of	mammalian	species	using	metabarcoding	of	iDNA	derived	
from	a	small	number	of	flies.	Fly‐derived	mammalian	DNA	detected	
species	 in	habitat	 types	where	 the	 feasibility	of	 this	approach	has	










In	 agreement	with	 two	 studies	 comparing	 camera	 traps	with	
fly‐derived	 mammalian	 DNA	 (Lee	 et	 al.,	 2016;	 Rodgers	 et	 al.,	
2017),	our	results	confirm	on	a	larger	scale	that	these	approaches	
are	 complementary,	 each	 detecting	 various	 unique	 taxa.	 Fly‐de‐
rived	 mammalian	 DNA	 detected	 smaller‐bodied	 species	 than	
camera	 traps,	 though	 fly‐derived	mammalian	DNA	also	detected	
many	large‐bodied	species.	As	described	previously,	camera	traps	
seemed	better	 able	 to	detect	 larger	 species	 (Tobler	 et	 al.	 2008),	
though	they	can	be	modified	to	increase	the	detection	of	smaller‐
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body	mass	 of	 species	 detected	with	 these	 two	 approaches.	Our	
finding	of	a	differential	ability	of	the	two	methods	to	detect	species	
across	 the	mammal	 phylogeny	 fits	well	with	 these	 observations,	
since	 the	 clades	 where	 a	 change	 in	 detectability	 was	 observed	
are	also	characterized	by	distinct	average	body	size	and	degree	of	
terrestriality,	 that	 is,	 artiodactyls	 and	 carnivores	 are	 largely	 ter‐
restrial,	while	many	primates	are	largely	arboreal.	A	similar	ability	
to	detect	 small‐bodied	species	has	been	suggested	 for	 leech‐de‐







While	 camera	 trapping	 and	 fly‐derived	 mammalian	 DNA	 me‐




to	 the	 phylogenetic	 structure	 of	 detectability	with	 both	methods.	
Preliminary	analyses	based	on	Bray–Curtis	distances	suggested	that	
























consist	 of	 adding	 an	 iDNA	 layer	 to	 ongoing	 camera	 trap	 studies.	
Exporting	 flies	 from	 these	 countries	 to	 Germany	 was	 a	 straight‐
forward	 process	 requiring	 minimal	 permits	 and	 bureaucracy,	 as	
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the	flies	are	not	listed	on	the	Convention	on	International	Trade	in	
Endangered	Species	of	Wild	Fauna	and	Flora.	As	discussed	above,	
the	main	hurdle	 to	such	approaches	will	 likely	not	be	 in	 the	 field;	
rather,	we	expect	that	the	significant	additional	costs	 incurred	by	
molecular	 analyses	or	 scaling	up	camera	 trap	efforts	 (considering	
both	manpower	and	materials)	will	 represent	more	significant	ob‐
stacles.	 Following	 the	 collection	 of	 camera	 trap	 data,	 hundreds	
of	hours	of	 videos	need	 to	be	 looked	at	by	experts	 to	determine	
the	 species	present.	Citizen	 science	projects	 can	be	used	 to	ana‐
lyze	camera	trap	videos	by	nonexperts	(e.g.,	chimpandsee.org),	but	
require	many	viewers	per	 video	 and	 therefore	 take	 a	 lot	 of	 time.	
Deep	 learning	approaches	show	promise	 for	automating	 this	pro‐
cess,	which	would	 improve	 the	 scalability	of	 camera	 trap	 surveys	
(Norouzzadeh	et	al.,	2018).	DNA	analyses	are	already	sufficiently	






data	 analysis	 =	 1	 day).	 Pooled	 extraction	 of	 flies	 would	 have	 re‐




by	 further	 pooling	 and	 automation.	 In	 contrast,	 the	 costs	 for	 the	














teresting	 to	 examine	 whether	 larger	 sampling	 efforts	 increase	
the	overlap	between	 camera	 traps	 and	 iDNA	 species	detection.	
Larger	 sample	 sizes	combined	with	appropriate	 sampling	 strate‐
gies	 (in	 particular	 repeated	 sampling)	 could	 also	 enable	 the	 use	
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of	 occupancy	 models	 and	 therefore	 the	 production	 of	 statisti‐
cally	 robust	 biodiversity	 assessments	 for	 terrestrial	 mammals	
(Abrams	 et	 al.,	 2019;	 Schnell	 et	 al.,	 2015).	While	 the	 collection	
of	 large	 numbers	 of	 some	 invertebrates	 can	 be	 quite	 time‐con‐
suming	and	difficult	in	some	seasons	(e.g.,	leeches;	Abrams	et	al.,	
2019),	the	mobility	and	abundance	of	flies	means	that	large	num‐
bers	 can	 be	 rapidly	 collected	 across	 seasons	 and	 habitat	 types.	
The	high	mobility	of	flies	does	however	bring	with	it	more	uncer‐


















Fly‐derived	 iDNA	metabarcoding	 faces	 the	 same	 limitations	as	
other	 metabarcoding	 approaches.	 In	 particular,	 metabarcoding	 is	
only	as	good	as	 the	 reference	databases	used	 to	assign	 taxonomy	
to	sequences	(Bohmann	et	al.,	2014;	Bush	et	al.,	2017;	Pedersen	et	
al.,	2015;	Schnell	et	al.,	2015;	Taberlet	et	al.,	2018).	The	difficulty	in	












systems;	 they	 also	 have	 been	 shown	 to	 carry	 the	DNA	of	 other	
vertebrates	(Calvignac‐Spencer	et	al.	2013;	Rodgers	et	al.,	2017).	
Fly‐derived	 iDNA	 collections	 can	 potentially	 be	 screened	 using	
primers	developed	for	the	detection	of	other	groups	of	organisms	
of	 interest	 (Taberlet	 et	 al.,	 2018).	 Flies	 also	 contain	 the	DNA	of	
many	 microorganisms,	 including	 wildlife	 and	 human	 pathogens,	
suggesting	fly‐derived	iDNA	has	the	potential	to	provide	insights	
into	 the	microbial	diversity	of	ecosystems	 (Bitome‐Essono	et	al.,	
2017;	 Hoffmann	 et	 al.,	 2016;	 Hoffmann	 et	 al.,	 2017;	 Knauf	 et	
al.,	 2016).	 Synanthropic	 flies	 associated	 with	 humans	 and	 their	
livestock,	 including	 fly	 families	 beyond	 the	 Calliphoridae	 and	
Sarcophagidae,	 are	 thought	 to	 be	 vectors	 for	 a	 broad	 range	 of	




bacterial	 pathogens	 causing	 major	 mortality	 in	 these	 primates	
(Gogarten	et	al.,	2019;	Hoffmann	et	al.,	2017).	This	suggests	fly‐
derived	iDNA	collections	contain	information	that	could	be	useful	
for	 monitoring	 pathogens	 in	 ecosystems	 and	 potentially	 for	 de‐
tecting	outbreaks	as	well.	Collectively,	our	results	suggest	that	fly‐
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